Nucleotide sequence analysis of a 5,000-bp region of the bialaphos antibiotic production (bap) gene cluster defined five open reading frames (ORFs) which predicted structural genes in the order bah, ORF1, ORF2, and ORF3 followed by the regulatory gene, brpA (H. Anzai, T. Murakami, S. Imai, A. Satoh, K. Nagaoka, and C. J. Thompson, J. Bacteriol. 169:3482-3488, 1987). The four structural genes were translationally coupled and apparently cotranscribed from an undefined promoter(s) under the positive control of the brpA gene product. S1 mapping experiments indicated that brpA was transcribed by two promoters (brpAp1 and brpAp2) which initiate transcription 150 and 157 bp upstream of brpA within an intergenic region and at least one promoter further upstream within the bap gene cluster (brpAp3). All three transcripts were present at low levels during exponential growth and increased just before the stationary phase. The levels of the brpAp3 band continued to increase at the onset of stationary phase, whereas brpApl-and brpAp2-protected fragments showed no further change. BrpA contained a possible helix-turn-helix motif at its C terminus which was similar to the C-terminal regulatory motif found in the receiver component of a family of two-component transcriptional activator proteins. This motif was not associated with the N-terminal domain conserved in other members of the family. The structural gene cluster sequenced began with bah, encoding a bialaphos acetylhydrolase which removes the N-acetyl group from bialaphos as one of the final steps in the biosynthetic pathway. The observation that Bah was similar to a rat and to a bacterial (Acinetobacter calcoaceticus) lipase probably reflects the fact that the ester bonds of triglycerides and the amide bond linking acetate to phosphinothricin are similar and hydrolysis is catalyzed by structurally related enzymes. This was followed by two regions encoding ORF1 and ORF2 which were similar to each other (48% nucleotide identity, 31% amino acid identity), as well as to GrsT, a protein encoded by a gene located adjacent to gramicidin S synthetase in Bacillus brevis, and to vertebrate (mallard duck and rat) thioesterases. The amino acid sequence and hydrophobicity proffle of ORF3 indicated that it was related to a family of membrane transport proteins. It was strikingly similar to the citrate uptake protein encoded by the transposon Tn3411.
Bialaphos, a linear tripeptide produced as a secondary metabolite by Streptomyces hygroscopicus, is composed of two L-alanine residues and the glutamate analog phosphinothricin (PT) (4, 29) . After cleavage of bialaphos by intracellular nonspecific peptidases, PT acts as an inhibitor of glutamine synthetase (4, 29) . For this reason, bialaphos has herbicide and antibiotic activities. The biosynthetic pathway has been well characterized by analyzing intermediates accumulated in cultures of blocked mutants (19) . Primary metabolic substrates are converted to the demethylated form of PT, which is then condensed with two alanine residues. Although the mechanism of this condensation has not been studied biochemically, mutants blocked in this step have been isolated (18) . Genes which restore productivity to mutants having defects in either demethylated PT synthesis or peptide bond formation (bialaphos antibiotic production [bap]) have been cloned and localized to a 35-kb segment of the genome ( Fig. 1) (18, 41) . This region includes a gene which confers bialaphos resistance (bar) encoding a PT or demethylated PT acetyltransferase (58) . Mutants unable to export bialaphos have not been reported.
Expression of bap genes begins at the approach of station-ary phase (22) and requires the brpA DNA sequence (2) ; the critical role of brpA was demonstrated in a brpA mutant (NP57). In NP57 there was no detectable transcription of most bap genes (2) , and analysis by sodium dodecyl sulfatepolyacrylamide gel electrophoresis revealed a dramatic difference in the profile of total cellular proteins relative to its parent (2) . Two-dimensional gel electrophoretic analysis of a brpA mutant showed that it was deficient in the synthesis of at least 27 proteins implicated in the biosynthesis of bialaphos (22) .
Here we report the nucleotide sequence of a portion of the bap gene cluster which identifies gene products whose similarity to lipases, thioesterases, membrane transport proteins, and regulatory proteins suggests roles in the activation and terminal steps of bialaphos biosynthesis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bialaphosproducing strain S. hygroscopicus ATCC 21705 (29) and S. hygroscopicus HP5-29, a bialaphos-over-producing derivative (2) , were obtained from the Meiji Seika Culture Collection. Seed cultures were inoculated by placing a single colony of S. hygroscopicus grown on NE agar (41) into S1 medium (43) (10 ml in a 30-ml culture tube equipped with a stainless-steel spring to break up mycelial clumps) and l 111 [20] ) were mapped by Murakami et al. (41) and Hara et al. (18) . bar, bialaphos resistance gene which catalyzes step 10 in the pathway (31, 58) ; ala, genes involved in peptide condensation; brpA, bialaphos regulatory protein. Codon usage analysis (shown in Fig. 2 ) of the DNA sequence indicated that regions bah, ORF1, ORF2, ORF3, and brpA probably encoded functional structural genes. pbrpA, brpA promoter region.
incubating on a rotary shaker for 2 days at 30°C. Baffled shake flasks (3 liters) containing 250 ml of S1 medium were inoculated with 5 ml of this seed culture and incubated on a rotary shaker at 30°C. DNA manipulations. Cosmid pBG9 was obtained from S. hygroscopicus ATCC 21705 (41); cosmid pMSB13-3 was obtained from S. hygroscopicus HP460 (41) . Fragments were subcloned into pUC19 and then into M13 (63) for sequencing reactions.
Alkaline lysis methods were used for the isolation of Streptomyces (23) and Escherichia coli plasmids (39) . Chromosomal DNA was isolated from Streptomyces spp. as described by Hopwood et al. (23) , with the following modifications. Mycelia were grown in S1 medium supplemented with 0.6 M glycine and lysed in a buffer containing 10 mM Tris HCl (pH 8), 10% sucrose, 50 mM EDTA, 4 mg of achromopeptidase (Wako Pure Chemicals, Ltd.) per ml, and 50 mg of lysozyme (Sigma Chemical Co.) per ml.
All plasmid and genomic DNAs were purified by centrifugation in CsCl-ethidium bromide gradients. DNA was sequenced by the dideoxy-nucleotide chain termination method (48), using modified T7 DNA polymerase (Sequenase) as specified by the instructions of the supplier (U.S. Biochemical Corp.). Primers described in this report were prepared with a Cyclone DNA synthesizer (Biosearch, Inc.). The M13 universal primers were routinely used, but in some cases 17-mer primers from the determined sequences were synthesized. Both DNA strands were completely sequenced with dGTP, and most regions were resequenced with dITP to overcome compression problems due to the high G+C content of Streptomyces DNA.
Purification of total RNA and Si nuclease mapping. RNA from Streptomyces spp. was extracted with 2x Kirby mixture to disrupt the mycelia used in S1 mapping experiments (23) . To prepare the probe, an SphI-BamHI fragment containing brpA and the region upstream was subcloned from pMSB13-3 (42) into M13mpl9. An oligonucleotide primer (5'-AGCGCGGACTCCAGGGCTTCCAGCAGCCGG-3') representing a sequence within brpA (opposite strand of nucleotides 4145 to 4174 in Fig. 2 (58) and extends through the brpA gene. It includes DNA which was cloned from both wild-type S. hygroscopicus ATCC 21705 (nucleotides 1 to 1256 and 3721 to 5000) and a derivative which overproduced bialaphos (HP460; nucleotides 1257 to 4145). Although the restriction endonuclease map for over 36 sites is identical in the bap gene cluster (41; unpublished observations) and the sequences of the brpA promoter region in both strains are identical, we cannot exclude the possibility that mutations have occurred in the HP460 DNA. Probable coding sequences were predicted by codon preference (Fig. 3) . Conserved regions (Table 1 ) which included presumptive ribosome binding sites are double underlined. The translational start site of brpA was ambiguous since start sites predicted by codon usage (indicated in Fig. 2) were near a GTG which was not preceded by conventional ribosome binding sites. The first GTG start codon preceded by sequences similar to other ribosome binding sites was chosen as the preferred translational start site; however, multiple initiation sites cannot be ruled out. The only TTA codon found in the five ORFs was located near the C terminus of brpA (single underline). The brpA mRNA start sites suggested by Si mapping (Fig. 6 ) are indicated (>). RESULTS 
AND DISCUSSION
ORFs predicted by the nucleotide sequence. We sequenced 5,000 bp of the bap gene cluster (Fig. 1) which spanned the region downstream of the previously reported bar gene sequence (58) through brpA (Fig. 2) . Five ORFs were predicted based on the codon usage found in previously characterized streptomycete structural genes (Fig. 3) : bah, ORF1, ORF2, ORF3, and brpA. A 250-bp noncoding region was detected between ORF3 and brpA. Although the expectation that ORF1, ORF2, and ORF3 encode functional proteins was strongly supported by their significant similarity to other known genes in the data banks (described below), mutants are not yet available to confirm their roles in bialaphos biosynthesis.
Translational coupling of bah, ORF1, ORF2, and ORF3. ORFs bah, ORF1, ORF2, and ORF3 were adjacent and overlapped each other such that a TG sequence was used in both the initiation (GTG or Al) and termination (IMA) triplets. These overlapping regions were part of a conserved 20-bp sequence (Table 1) . Although sequences located 5' to structural genes are usually similar to each other due to their partial complementarity to the 3' end of the 16S rRNA (54), the conservation of sequence observed here was notably more extensive. Genes containing their ribosome binding sites in an upstream gene might be "translationally coupled" to ensure equimolar translation of the two genes (reviewed in reference 16). Translational coupling is often associated with genes whose products are physically associated, such as multienzyme complexes or virions. Stoichiometric translation might be ensured by the similarity of the potential ribosome binding regions. Since brpA is required for transcription of bah (2) and ORF3 (data not shown), these translationally coupled genes are probably all transcribed from a brpA-dependent promoter located upstream of bah.
Regulation of brpA. When the predicted translation product of brpA (28, 200 Da) was compared with the data bases, the 10 best matches were to regulatory components of two-component transcriptional control systems (Fig. 4) used by diverse bacteria to transduce metabolic signals and activate gene expression (1, 17, 57) . One component, the sensor, has a membrane-spanning N-terminal region and is able to autophosphorylate at a conserved site in the C terminus in response to a specific external signal; we have not yet identified a sensor component which could modulate the activity of brpA. Typically, the phosphate group is then transferred to the N-terminal region (receiver motif) of a second component (regulator), which then serves as a transcriptional activator. Although the receiver motif is the most distinguishing conserved feature of the family, it was not found in BrpA. Instead, the N terminus of BrpA was characterized by three hydrophobic regions (Fig. 5) which probably indicate transmembrane domains or protein-protein hydrophobic interactions. Data base searches using various peptide sequences within this region were negative. That BrpA did not have the conserved phosphorylation site implied that it is not subject to posttranslational activation, that it is able to activate itself, or that it uses a previously unknown receiver structure. The sequence of the C terminus of BrpA showed that it is a member of the subfamily of transcriptional activator proteins, which includes UhpA,
Homology between the deduced amino acid sequence of brpA and two-component transcriptional regulator proteins. The C-terminal region of the predicted brpA gene product is similar to the C-terminal regions of a family of procaryotic regulator proteins (see Gross et al. [17] for references to all sequences except BvgA [3] ). FixJ, ComA, NarL, DegU, UvrB, BvgA, GerE, MalT, and LuxR (17) . This conserved region includes a potential helixturn-helix motif (Fig. 4) . In S. coelicolor, expression of antibiotic biosynthetic genes may be limited by the availability of tRNAUUA (33) . The corresponding TTA codon, found only in a few secondary metabolic genes (9) , was present near the C terminus of brpA (Fig. 2) . S1 protection experiments (Fig. 6A ) indicated that brpA transcription was growth phase dependent and suggested that transcription was initiated from at least three different promoters. The termini of two RNA-protected fragments mapped within an intergenic region 150 (brpApl) and 157 (brpAp2) bp upstream of the presumed brpA translational start site. More detailed experiments are needed to demonstrate rigorously that both represent authentic mRNA initiation sites rather than processing or degradation products; (10) . In the case of the four promoters which control the dagA gene, it has been demonstrated that each is controlled by a different holoenzyme (7) . A correlation between the sequence of streptomycete promoters (51) , which are characterized by their extreme diversity, and different sigma factor specificities (6) is not yet available. These promoters could also be controlled by the same sigma factor but activated by alternative regulatory proteins. A third transcript was observed which traversed the upstream SphI site located near the 3' end of ORF3 (brpAp3). All three protected fragments were present at low levels at 8 and 10 h postinoculation (p.i.) and increased at 14 h p.i. The levels of the brpAp3 band continued to increase at the onset of stationary phase (20 h p.i.), whereas brpApl-and brpAp2-protected fragments showed no further change (Fig.  6B) . Although these S1 experiments cannot be used to compare the absolute levels of the different mRNA species observed, the fact that the same results were obtained when experiments were carried out with a fivefold-lower probe/ RNA ratio (data not presented) showed that the probe was in excess and that the results could be considered semiquantitative for any given mRNA species.
These results complement other studies of S. hygroscopicus HP5-29 carried out under the same growth conditions which demonstrate that a major physiological transition begins at around 14 h p.i. (22) . Two (24, 31, 58) . A cloned fragment of DNA (BglII-SphI) which restored productivity in this blocked mutant (41) included the region that encoded a part of the presumed bah gene product. The DNA sequence predicted an initiation site for an ORF encoding a protein of 32,076 Da (Fig. 2) . This amino acid sequence had statistically significant similarity to lipases isolated from both rat (21) (24% identity over 190 amino acids; z = 15) and the eubacterium A. calcoaceticus (46) (26% identity over 206 amino acids; z = 20) (Fig. 7) . A conserved region in all three proteins contained the motif GXSXG, which is common to lipases (14) and synthases involved in similar acyl transfer reactions (50) ( 
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Comparison of a conserved region in bah, ORF1, and ORF2 to a domain found in enzymes catalyzing acyl transfer reactions. ORFi and ORF2 from Fig. 2 . GRST, grsT gene product (30) ; RFAT, rat medium-chain fatty acid thioesterase (47) ; DFAT, duck medium-chain fatty acid thioesterase (45) ; Ac Tr (yeast), yeast acetyltransferase (50); P/M Tr (yeast), yeast palmytl/malonyltransferase (50); Ac/M Tr (chicken), chicken acetyl/malonyltransferase (11) ; EryA(1 to 3), three thioesterase motifs predicted from the erythromycin synthetase gene sequence (12) ; ACVS, ACV synthetase from A. nidulans (55) .
bah contained a duplicated nucleic acid sequence which encoded two similar gene products of 253 (27, 245 Da, ORF1) and 259 (27, 665 Da, ORF2) amino acids. Their nucleotide sequences were 48% identical; predicted amino acid sequences were 31% identical. ORFi and ORF2 were similar in size and homologous to a protein, GRST, associated with gramicidin S synthesis in Bacillus brevis ( Table 2 ). The grsT gene is located upstream and cotranscribed with the gramicidin S synthetase I gene, grsB (30) .
Gramicidin S is a member of a large family of cyclic decaor dodecyl-peptide antibiotics containing modified amino acids (for a review, see reference 28) whose synthesis is not dependent on translation of mRNA by the ribosome. Instead, a complex composed of several proteins charged with specific amino acids provides the modifying, template, and condensation reactions. In the case of the linear tripeptide precursor of penicillin in Aspergillus nidulans and S. clavuligerus, a single multifunctional enzyme having similar characteristics catalyzes these reactions (26, 60) .
We predict that the alanine residues in bialaphos are added (45) ; RFAT, rat fatty acid thioesterase (47) . z values for all pairwise combinations were >30. [30] ), DFAT (duck fatty acid thioesterase [45] ), and RFAT (rat fatty acid thioesterase [47] ). Shaded regions indicate positions where similar amino acids (R = K; D = E; F = Y = W; M = I = L = V) were found in three of the five proteins. The proposed reaction center is enclosed in a box, and the active-site serine (replaced by a C residue in ORF1) is indicated by an arrow. A similar sequence was found in the multifunctional ACV synthase, ACVS (55) .
to PT by such an enzyme complex which includes one or more peptidyl synthetases. Mutants which cannot carry out this reaction have been isolated. Three of the four mutations isolated, perhaps representing a defective synthetase(s), map to a ca. 15-kb region adjacent to the genes required for the synthesis of PT.
The data base search revealed that ORF1 and ORF2, as shown previously for GRST (30) , were also similar to predicted vertebrate thioesterase II enzymes from duck (DFAT [45] ) and rat (RFAT [47] ) which can transfer and thus catalyze release of fatty acids from multifunctional synthetase complexes (Table 2 and Fig. 8) . The sequence GXSXG, described above as a conserved acyl transfer domain found in bah, lipases, fatty acid syntheses, and a polyketide synthetase, also forms part of the presumed active center of the thioesterases. Thus, GRST, ORF1, and ORF2 probably take part in catalyzing transfer of the growing peptide chain to another site on the synthetase or hydrolyzing the thioester bond to release the completed product. Another possible thioesterase domain is found in the multifunctional Aspergillus nidulans b-(L-a-aminoadipyl)-L-cysteinyl-D-valine (ACV) synthetase (55, 59) (Fig. 7  and 8 (25, 49) . The hydrophobicity profiles of the two proteins were remarkably similar (Fig. 9) . Matching amino acids found throughout the proteins were not associated preferentially with either hydrophobic or hydrophilic domains (Fig. 9 ). Other significant matches were to human glucose transporters (15, 27) , the E. coli arabinose transport protein (araE [38] ), and a putative transport protein in Leishmania spp. (8) , all members of a broad family of membrane transport proteins (37) .
The similarity of the ORF3 gene product to proteins involved in carbon source uptake suggests that these proteins have similar functions. The close association of ORF3
with genes catalyzing the terminal steps in bialaphos biosynthesis implies that it may be involved in the export of bialaphos or may allow the uptake of carbon sources for conversion to bialaphos. Indeed, these two processes might be linked, as is the case of the antiporter transport systems, to allow an exchange of an external carbon source for bialaphos.
Conclusions. Streptomyces spp. appear to utilize specialized regulatory cascades to control genes for the synthesis of a vast array of structurally heterogeneous molecules. Nevertheless, in the case of bialaphos biosynthesis, these apparently specialized functions are catalyzed by genes similar to lipases, thioesterases, sugar transport proteins, and regulatory proteins commonly used for primary metabolism in other organisms. In addition, analysis of these genes allows predictions with respect to the synthesis of the bialaphos tripeptide using known thio-template mechanisms and also to the requirement of a bialaphos export system.
